r Kv2 channels underlie delayed-rectifier potassium currents in various neurons, although their physiological roles often remain elusive. Almost nothing is known about Kv2 channel functions in medial entorhinal cortex (mEC) neurons, which are involved in representing space, memory formation, epilepsy and dementia.
Introduction
The medial entorhinal cortex (mEC) is highly important for the representation of space, spatial navigation and memory formation (Buzsaki & Moser, 2013; Moser et al. 2014 ). This area is also strongly involved in dementia (Braak & Braak, 1991) and epilepsy (Schwarcz & Witter, 2002) . Stellate cells (SCs) in layer II (LII) of mEC occupy a key position in the entorhinal-hippocampal memory circuit because they receive information from all sensory modalities via diverse cortical areas (Burwell, 2000) and provide one of the main input pathways to the hippocampus: the perforant path (Tamamaki & Nojyo, 1993) . The mEC LII SCs are also considered to constitute the largest population of grid cells that represents allocentric space in the mammalian brain (Hafting et al. 2005; Domnisoru et al. 2013; Schmidt-Hieber & Hausser, 2013) .
The SCs show distinct electrophysiological properties: prominent subthreshold membrane potential oscillations/ fluctuations and resonance in the theta frequency range, spike clustering and triphasic postspike dynamics (Alonso & Llinas, 1989; Alonso & Klink R, 1993; Haas & White, 2002) .
Previous research on SCs mainly focused on their integrative properties, which strongly depend on hyperpolarization-activated cation channels (Dickson et al. 2000; Nolan et al. 2007; Giocomo & Hasselmo, 2008) . Less is known about the functional roles of other ion channels in SCs (Pastoll et al. 2012) . However, information about their intrinsic currents is important for the accurate modelling of grid cells and their functional properties (Pastoll et al. 2012) .
Recently, it was shown that the M-current (I M ), as mediated by voltage-gated (Kv) potassium channels of the Kv7/M type, controls excitability and spike frequency adaptation in SCs (Nigro et al. 2014) , although the roles of several other Kv channel types are still unknown.
Among different types of potassium current, a transient A-type current (I A ) and a slowly inactivating delayed-rectifier potassium current (I K ) constitute most of the outward K + current in SCs (Eder et al. 1991; Eder & Heinemann, 1996) . The SCs exhibit a larger I K than pyramidal cells in the EC (Eder & Heinemann, 1994) . Previous studies have shown that I K is largely encoded by Kv2 channels in a variety of neurons (Murakoshi & Trimmer, 1999; Malin & Nerbonne, 2002; Guan et al. 2007) . I K activates and inactivates more slowly than I A encoded by Kv4 and Kv1 channels (Norris & Nerbonne, 2010) , suggesting the different roles of these currents during repetitive firing. However, the functional role of different Kv-mediated currents has remained unclear because of a lack of specific blockers.
Recently, Guangxitoxin-1E (GTx), isolated from the chinese tarantula Plesiophrictus guangxiensis, was identified as a potent and selective blocker of Kv2.1 and 2.2 channels. Thus, GTx was found to inhibit Kv2 with an IC 50 of 1-3 nM but had no significant effect on Kv1.2, Kv1.3, Kv1.5, Kv3.2 and BK potassium channels, nor on calcium and sodium channels Cav1.2, Cav2.2, Nav1.5, Nav1.7, Nav1.8, whereas the IC 50 for Kv4.3 channels was 24-54 nM (Herrington et al. 2006) . In pancreatic β-cells, 40-100 nM GTx caused spike broadening and increased intracellular Ca 2+ levels (Herrington et al. 2006) . A recent study in acutely isolated sympathetic neurons and CA1 pyramidal neurons found that 100 nM GTx mainly blocked I K and caused spike broadening, depolarization of interspike voltages and a reduction of maintained firing (Liu & Bean, 2014; Bishop et al. 2015) .
In the present study, we used GTx to investigate the physiological roles of Kv2 channels in rat mEC LII SCs in brain slices. Voltage clamp recordings showed that 100 nM GTx blocked I K , with no apparent effect on I A . In current clamp, GTx slowed spike repolarization, affected both after-depolarizations (ADPs) and after-hyperpolarizations (fAHPs, mAHPs), and modulated excitability, bursting and repetitive firing in these cells. Our main results have been presented previously in abstract form (Hönigsperger et al. 2013) .
Methods

Ethical approval
All experimental procedures were approved by the responsible veterinarian of the Institute, in accordance with the statute regulating animal experimentation given by the Norwegian Ministry of Agriculture, 1996 . The experiments reported in the present study comply with the policies and regulations of The Journal of Physiology (Grundy, 2015) .
Animal housing
Animals were kept in the local animal facility under a 12:12 h light/dark cycle at 20-24°C and ß55% relative humidity, with 18% fat feed (Harlan, Indianapolis, IN, USA) in a GR900 cage (Scanbur, Karlslunde, Denmark) (395 × 346 × 213 mm) with connected ventilation.
Sagittal slice preparation of the mEC
Young male Wistar rats (20-28 days old) were deeply anaesthetized with Suprane (Baxter Medical AB SE, Kista, Sweden) before decapitation. The brain was removed and transferred to ice-cold (0°C) cutting solution containing (in mM): 87 NaCl, 1.25 KCl, 1.25 KH 2 PO 4 , 25 NaHCO 3 , 16 glucose, 75 sucrose, 7 MgCl 2 and 0.5 CaCl 2 , saturated with 95% O 2 /5% CO 2 . Acute sagittal slices (350-400 μm thick) from the mEC were cut in ice-cold cutting saline with a vibratome (VT1200S; Leica Microsystems, Wetzlar, Germany). The slices were immediately transferred to a submerged holding chamber and incubated at ß32ºC for 30 min before being stored in cutting solution at room temperature (20-24ºC).
For current clamp experiments, slices were submerged in artificial cerebrospinal fluid containing (mM): 125 NaCl, 1.25 KCl, 1.25 KH 2 PO 4 , 25 NaHCO 3 , 16 glucose, 1.0 MgCl 2 and 2.0 CaCl 2 , supplemented with 6,7-dinitroquinoxaline-2,3-dione, DL-2-amino-5-phosphopentanoic acid and 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide (gabazine) saturated with 95% O 2 /5% CO 2 .
For voltage clamp experiments of Kv2 current, the recording medium contained (mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 16 glucose, 1.0 MgCl and 1.8 CaCl 2 , supplemented with 200 μM CdCl 2 , 0.5 μM TTX, 10 μM 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinum chloride (ZD-7288) and 10 μM 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE991) for better isolation of Kv2 current.
Electrophysiology
Whole-cell patch clamp recordings were performed from somata and nucleated patches of entorhinal cortex layer LII SCs, viewed with an upright microscope with IR-DIC optics (BX50; Olympus, Tokyo, Japan) at 34°C. Nucleated patch configuration was achieved by applying negative pressure (-125 mbar) over 10-15 s, followed by slow retraction of the patch pipette.
Patch clamp pipettes were pulled from borosilicate glass (outer diameter 1.5-2 mm; inner diameter 0.6-0.86 mm) (Sutter Instruments, Novato, CA, USA and Hilgenberg GmbH, Malsfeld, Germany).
Voltage and current clamp recordings were performed with a Multiclamp 700B patch clamp amplifier (Molecular Devices, Sunnyvale, CA, USA) using pipettes with similar resistance (3-4 M and 4-5 M , respectively) filled with the solution (mM): 120 K-gluconate, 20 KCl, 10 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (Hepes), 10 phosphocreatine disodium salt hydrate, 4 adenosine triphosphate magnesium salt and 0.3 guanosine triphosphate sodium salt hydrate (ß290 mOsm).
The pH was adjusted to 7.2-7.3 with KOH. In some experiments biocytin (0.3%) was added to the pipette solution.
Data were only collected from cells forming a 1 G or tighter seal. The series resistance was carefully compensated for at the beginning of every protocol. The accepted series resistance (measured when uncompensated) in voltage clamp was 11.9 ± 3.5 M (range 7-20 M ) and in current clamp was 14.2 (6) M (range 6-35 M ). The average series resistance compensation in voltage clamp recordings was 74% ± 12% (range 50-80%). In current clamp experiments, pipette capacitance neutralization was applied and access resistance was compensated through the bridge balance circuit of the amplifier.
Membrane potentials were corrected for the liquid junction potential (-14 mV).
Histology and morphological reconstructions
Neurons that had been filled with biocytin (0.3%) were visualized with the avidin-biotin-peroxidase method using 3,3 -diaminobenzidine as a chromogen (ABC kit; Vector Laboratories, Inc., Burlingame, CA, USA).
Chemicals
TTX and Guangxitoxin-1E (GTx) were purchased from Alomone Labs (Jerusalem, Israel). ZD 7288 and XE991, as well as synaptic blockers 6,7-dinitroquinoxaline-2,3-dione, DL-2-amino-5-phosphopentanoic acid and gabazine, were obtained from Tocris (Tocris Bioscience, St Louis, MO, USA). The GTx was prepared as a 100 μM stock solution in water and BSA (0.1% w/v) was added. Aliquots of the GTx stock solution were kept frozen (-20°C) and added to the perfusion fluid within less than 5 min before onset of the bath application.
Data acquisition and analysis
The data were acquired with pClamp, version 9 (Molecular Devices) and digitized with a Digidata 1322A analog/digital converter (Molecular Devices) at a sampling rate of 20-40 kHz and low-pass filtered at 0.4-10 kHz. Analysis was performed using Clampfit, version 10.4 (Molecular Devices) and Origin 9.1 (OriginLab Corp., Northampton, MA, USA).
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The resting membrane potential was measured at the beginning of each experiment by averaging values over a 1 min period.
The somatic input resistance (R input ) was calculated by Ohm's law from the steady-state voltage response at the end of a 1 s long current pulse.
During voltage clamp recordings from nucleated patches, leakage and capacitive currents were subtracted online using a P/4 procedure.
The GTx-sensitive conductance G was calculated by:
where V is the voltage, I is the GTx-sensitive current and E K is the K + reversal potential (-106.5 mV) determined by the Nernst equation. The conductance was fitted with a single Boltzmann function:
where G 0 and G max are the initial and maximal conductance, V 1/2 is the voltage for half-maximal conductance, and k is the slope factor. Activation of the GTx-sensitive current was fitted with a mono-exponential function:
where t is time, A is the amplitude, τ is the time constant and y 0 is the offset. To determine the 80-20% decay time of the GTx-sensitive/resistant current, the inactivation phase of the current was fitted with a mono-exponential function (see above), or a multiple-term exponential function:
The GTx sensitive-current measured at the end of the voltage step was plotted against the dorsoventral position of recorded cells, which was defined as the distance from the dorsal border of the mEC (The dorsal border of the mECs is recognized below a parasubicular protrusion into layer I of the mEC).
The values of ADPs and AHPs reported during repetitive firing were measured for each action potential that occurred over the last 300 ms for each cell and then averaged.
Interspike intervals (ISIs) were analysed from 20 s long trains of action potentials (frequency range 3-6 Hz). Only traces containing a similar number of spikes in control and GTx were analysed. The ISI distribution was obtained by binning with a window of 5 ms. Spike clusters were defined as spike aggregations with ISIs between 50 and 200 ms. The cluster probability was calculated as the number of clusters divided by the total amount of ISIs in a train. Peaks in the ISI distribution corresponding to bursts and clusters were measured by fitting a single or dual Gaussian to ISI distribution of each cells and condition.
Statistical analysis
Statistical analysis was performed using Origin, version 9.1, Minitab, version 17 (Minitab Inc., State College, PA, USA) and SigmaStat, version 3.1 (Systat Software Inc., Chicago, IL, USA). Group data are expressed as the mean ± SD, and the sample size of cells (n) and the number of rats (N) used in the individual experiments are given. Data were checked for normal distribution according to a normal probability plot of their residuals and parametric tests were used: (i) Paired t tests for paired samples (control vs. drug) (Minitab, version 17) and (ii) one-way repeated measures ANOVA for multiple comparisons (control vs. drug at different concentrations) (SigmaStat, version 3.1). 95% confidence intervals were calculated with Minitab, verison 17.
Results
Identification of mEC LII SCs
In the present study, we used somatic whole cell patch clamp to record from mEC layer II SCs (n = 35) with an average resting membrane potential of -75.2 ± 2.4 mV and input resistance of 40.1 ± 16.3 M . SCs were identified by their characteristic electrophysiological properties (Alonso & Klink R, 1993) , including prominent membrane potential sags at depolarized and hyperpolarized potentials, prominent fluctuations (oscillatory activity) in the theta frequency range (4-12 Hz) during steady depolarization just below to the spike threshold, spike clustering, and triphasic postspike dynamics (ADP, as well as fAHP and mAHP) (Fig. 1A-C) . In a subset of the experiments, biocytin was added to the intracellular solution (n = 8) for posthoc morphological identification (Fig. 1D) . All recorded cells showed multipolar morphology with spiny dendrites without a preferred orientation with reference to the pia (Fig. 1D ).
Voltage clamp recordings of a slowly inactivating GTx-1E-sensitive outward current from nucleated patches LII SCs express different types of potassium currents, including (i) leak K + current (I K, rest ) (Deng et al. 2007; Garden et al. 2008) ; (ii) A-type, voltage-dependent, fast-inactivating K + current (I A ) (Eder et al. 1991; Eder & Heinemann, 1996) ; (iii) delayed rectifier voltage-dependent K + current (I K ) (Eder et al. 1991; Eder & Heinemann, 1996) ; (iv) M-type voltage-dependent K + current (I M ) (Nigro et al. 2014) ; (v) inward-rectifier K + current (I KIR ) (Dickson et al. 2000) ; and (vi) various calcium-activated K + currents (I KCa ) (Khawaja et al. 2007 ). Among the different types of potassium current, I A and I K constitute most of the outward current reported in LII SCs (Eder et al. 1991; Eder & Heinemann, 1996) , which exhibit a larger I K than pyramidal cells in LII EC (Eder & Heinemann, 1994) .
In the present study, we first investigated the relative contribution of Kv2 channels to outward current in identified LII SCs, using GTx, which is a recently described specific blocker for Kv2 channels (Herrington et al. 2006; Liu & Bean, 2014; Bishop et al. 2015) . (Storm, 1990) .
The recordings in control medium exhibited an outward current with fast activation and slow inactivation ( Fig. 2A , black trace) in response to a voltage pulse (400 ms) from -84 mV to -14 mV. Application of 100 nM GTx ( Fig. 2A , red trace) strongly reduced the total outward current throughout most of the pulse, so that the reduction was ß40% during the last 30 ms of the 400 ms pulse: control: 98.67 ± 24.69 pA; +GTx: 56.98 ± 19.50 pA (P = 0.001) ( Fig. 2A-C) . The remaining GTx-resistant current showed very fast activation and fast early inactivation, which is typical of I A , as previously described in LII SCs (Eder et al. 1991; Eder & Heinemann, 1996) . The slowly inactivating GTx-insensitive/resistant current might be the result of incomplete block by GTx. However, 100 nM GTx had no significant effect on the peak outward current measured during the first 1-2 ms of the voltage pulse (i.e. +GTx compared to control): control: 209.6 ± 61.4 pA; +GTx: 195.0 ± 77.2 pA (P = 0.22) ( Fig. 2A, D , E) . This indicates that 100 nM GTx has almost no effect on I A , and thus is a selective blocker.
To isolate the GTx-sensitive current, which is probably mediated by Kv2 channels, we subtracted the GTx-resistant current from the total outward current obtained in control medium. The resulting GTx-sensitive current ( Fig. 2A , blue trace) had significantly slower activation kinetics than the GTx-resistant current (I A ). The 20-80% rise time of the GTx-resistant current was 2.2 ± 0.6 ms, whereas the rise time of the GTx-sensitive current was 21.0 ± 4.6 ms (P < 0.01). Also, the 80-20% decay time of the GTx-sensitive current was slower than that of the GTx-resistant current (I A ): GTx-sensitive: 92.9 ± 15.0 ms; GTx-resistant: 44.9 ± 19.7 ms (P < 0.001).
Several different membrane properties of EC SCs show dorsoventral gradients (Giocomo et al. 2007; Garden et al. 2008 ) that accompany the dorsoventral gradient in grid cell spacing (Hafting et al. 2005 ). Therefore, we tested whether the GTx-sensitive current varies along the dorsoventral axis by comparing the GTx-sensitive current with the dorsoventral position of recorded SCs. However, we Overlay of currents recorded in control (black), after bath-application of 100 nM GTx (red) and the GTx-sensitive current determined by subtracting currents recorded before and after applying GTx (blue). Individual traces represent averaged responses from four consecutive recordings. Note that the current blocked by GTx had slower activation kinetics than both control and GTx-resistant currents. B, time plot showing the effects of GTx on the current at the end of a 400 ms voltage pulse (370-400 ms). Blue and red bars indicate the time points used for averaging current responses in (C), in control and after GTx application, respectively. C, summary, GTx significantly lowered the current measured at the end of the pulse. Control: 98.67 ± 24.69 pA; +GTx: 56.98 ± 19.50 pA; * * P = 0.001. D, time plot showing the effects of GTx on I A in the beginning of the voltage pulse (1-2 ms). E, summary, GTx had no significant effect on the current measured in the beginning of the pulse. Control: 209.6 ± 61.4 pA; +GTx: 195.0 ± 77.2 pA; P = 0.22, paired t tests; n = 9 cells, n = 9 rats. Data are the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com]
did not find any significant correlation between these parameters (Pearson's r = -0.23; P = 0.58, n = 8; distance from dorsal border, range 457-1940 μm). Next, we investigated the voltage-dependence and activation kinetics of the GTx-sensitive current in response to depolarizing voltage pulses (Fig. 3) . The subtracted, GTx-sensitive current started to activate between -30 and -20 mV (Fig. 3A and B) , similar to the I K previously described in this cell type (Eder et al. 1991; Eder & Heinemann, 1996) , and exhibited faster activation time constants at more depolarized test potentials (-24 mV: 29.4 ms; -14 mV: 12.8 ms; -4 mV: 3.1 ms; +6 mV: 1.8 ms) (Fig. 3A and B) . The Kv2 activation curve was well fitted with a Boltzmann function and showed a half-maximal conductance (V 1/2 ) at -13.4 ± 0.8 mV and slope factor (k) of 6.0 ± 0.6 mV, which is in good agreement with the properties of Kv2 isolated by GTx in sympathetic neurons and hippocampal CA1 neurons (Liu & Bean, 2014) .
Blockade of Kv2 channels by 100 nM GTx increased burst firing and excitability during low spike rates and reduced maintained firing during higher spike rates
We next investigated how blockade of Kv2 channels by GTx affected the excitability and spike pattern in layer II SCs during whole-cell current clamp recordings. To do this, we injected a 1 s long current pulse once every 1 min, adjusted to evoke ß10-11 spikes s -1 in normal medium (Fig. 4A , black trace). This resembles the average spike rates of SCs in vivo (Domnisoru et al. 2013; Schmidt-Hieber & Hausser, 2013) . After a 6 min control period, wash-in of 100 nM Fig 3A. C, peak of GTx-sensitive current plotted as a function of voltage (I-V). D, the conductance (G) was calculated from the peak of GTx-sensitive current in Fig. 3B , using a K + equilibrium potential of 106.5 mV. The conductance was fitted with a single Boltzmann
where G 0 and G max , are the initial and maximal conductance, V 1/2 is the voltage for half-maximal conductance = -13.4 ± 0.8 mV, k is the slope factor = 6.0 ± 0.6 mV; n = 5 cells, n = 5 rats. Data are the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com]
GTx induced intermittent burst-firing, consisting of 2-3 spikes burst -1 (Fig. 4A , red trace, inset) and increased the average spike rate to ß17 spikes s -1 (Fig. 4B ). Our summarized results show that SCs exhibited significantly higher spike rates in the presence of 100 nM GTx compared to control: control: 10.8 ± 1.2 spikes s -1 ; +GTx: 17.3 ± 6.2 spikes s -1 (P = 0.012) (Fig. 4C ).
In parallel, we investigated whether blockade of Kv2 channels by 100 nM GTx also increased excitability during higher spike rates. To cover a wide range of spike rates, we applied a series of 1 s long, depolarizing current pulses of increasing intensity, evoking up to ß70 spikes s -1 under control conditions ( Fig. 4D and E, black traces). During strong pulses, the spike amplitudes usually decreased . Blockade of Kv2 channels by 100 nm GTx increases burst firing and excitability in SCs during low spike rates and reduces maintained firing during higher spike rates A, in control conditions (black traces) a 1 s long current pulse was adjusted to evoke ß11 spikes s -1 . Bath-application of 100 nM GTx (red traces) induces intermittent burst firing (see inset) and increases the number of spikes s -1 . B, time plot, showing the effects of 100 nM GTx on spikes s -1 ; n = 9 cells; n = 6 rats. Blue and red bars indicate the time points used for averaging spikes s -1 in (C), in control and after GTx application, respectively. C, summary, 100 nM GTx significantly increases the number of spikes s -1 . Control: 10.8 ± 1.2 spikes s -1 ; +GTx: 17.3 ± 6.2 spikes s -1 ; * P = 0.012. D, in control conditions (black traces) a 1 s long, strong current pulse (1.6 nA) evoked ß70 spikes s -1 . Application of 100 nM GTx reduces mean spike rate and spike height and depolarizes interspike intervals. Insets show the first 190 ms and last 140 ms during the current pulse at an enlarged scale. E, effects of 100 nM GTx (red dots) on spike rates (spikes s -1 ) plotted against injected current (pA); n = 9 (at 1.3 nA), n = 7 (at 1.6 nA) and n = 4 cells (1.8 nA), respectively. F, summary, 100 nM GTx reduced spike rates during strong current pulses (1.6-1.8 nA). As a criteria, spikes below 0 mV (horizontal dashed lines in D) were not included for analysis. Control: 70.3 ± 8.7 spikes s -1 ; +GTx: 32.3 ± 35.2 spikes s -1 ; * P = 0.04, paired t tests. n = 7 cells, n = 5 rats. Data are the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com] transiently after the first spike, followed by a partial recovery (increase) of spike amplitudes between the 5th and 11th spike (Fig. 4D, inset, black traces) . The decrease in spike-height was accompanied by more depolarized interspike intervals during both the early and late firing.
After 100 nM GTx was applied (Fig. 4D, red traces) , the spike amplitudes were strongly reduced during strong pulses, except for the first spike in the train, and the interspike intervals were further depolarized, until spiking was abolished towards the end of the pulse, presumably reflecting Na + channel inactivation (Fig. 4D) . The summarized data show that 100 nM GTx significantly reduced the number of spikes s -1 during strong current pulses (1.6-1.8 nA): control: 70.3 ± 8.7 spikes s -1 ; +GTx: 32.3 ± 35.2 spikes s -1 (P = 0.04) (Fig. 4F ). This strongly suggests that Kv2 channels are important for enabling maintained firing under normal conditions, presumably by preventing excessive Na + channel inactivation.
Kv2 channels regulate excitability by modulating spike after-potentials during repetitive firing
The results illustrated in Fig. 4 show that GTx increased burst-firing and excitability at low and moderate spike rates (Fig. 4B-F) , strongly suggesting that Kv2 channels underlie these effects. Next, we tested whether Kv2 channels regulate burst-firing and excitability by modulating ADP and/or fAHP and mAHP in SCs.
To measure fAHP, ADP and mAHP after single spikes and to avoid bursting during repetitive firing, we used lower doses of GTx (10 and 30 nM, in sequence) to isolate its effects on these after-potentials.
We injected again a 1 s long current pulse once per minute, adjusted to evoke ß10-11 spikes s -1 in a 6 min control period (Fig. 5Aa, black trace) . Wash-in of 10 nM, monitored for 10 min (Fig. 5Ba) , caused a slight increase in the average spike rate in seven of nine cells (Fig. 5Ab , red trace) but had no statistically significant effects in all tested cells: control: 11.2 1.4 spikes s -1 ; +10 nM GTx: 13.1 ± 1.4 spikes s -1 ; not significant (P = 0.075) (Fig. 5Bb) . Wash-in of 30 nM GTx for 10 min (Fig. 5Ba) , again increased the spike rate (Fig. 5Ac , red trace, seven of nine cells) and had significant effects when comparing all collected data: control: 11.2 ± 1.4 spikes s -1 ; +30 nM GTx: 14.6 ± 2.6 spikes s -1 (P = 0.002) (Fig. 5Bc) . We next measured the membrane potential peaks (mV) of fAHP, ADP and mAHP following the first spike ( Fig. 6Aa and b) and during steady-state firing in the last 300 ms of the train (Fig. 6Ac-d) , in control and after wash-in of 10 and 30 nM GTx (representative traces shown at an enlarged scale in Fig. 6Aa -d correspond to traces in Fig. 5Aa -c, marked by dashed boxes). The fAHP peak following the first spike was not significantly affected by neither 10 nM GTx (P = 0.086) (Fig. 6Bb) , nor 30 nM GTx (P = 0.086) (Fig. 6Bc) , as seen in the time plot (Fig. 6Ba) . By contrast, the fAHP peak during steady-state firing in the last 300 ms of the train was significantly depolarized during wash-in of 10 and 30 nM GTx (P < 0.001) (Fig. 6Bd-f) .
Next, we analysed the ADP peak following the first spike (Fig. 6Aa ) and found that it was significantly higher (more depolarized) after wash-in of 10 nM GTx (P = 0.016) ADP peak, 1st spike(mV) ADP peak, 1st spike(mV) mAHP peak, last 300 ms (mV) mAHP peak, 1st spike (mV) mAHP peak, last 300 ms (mV) ADP peak, last 300 ms (mV) ADP peak, last 300 ms (mV) fAHP peak, 1st spike (mV) fAHP peak, last 300 ms (mV) fAHP peak, last 300 ms (mV) Fig. 5Aa -c (dashed boxes), comparing fAHP, ADP and mAHP in control and after application of 10 and 30 nM GTx. Ba, Ca and Da, time plots showing effects of 10 and 30 nM GTx on fAHP, ADP and mAHP peaks (mV) after the 1st spike and in Bd, Cc and Dc averaged responses following spikes in the last 300 ms. Bb, fAHP peak after 1st spike; control: -68.1 ± 1.7 mV; +10 nM GTx: -67.9 ± 1.8 mV; not significant, P = 0.086. Bc, control: -68.1 ± 1.7 mV; +30 nM GTx: -67.6 ± 1.6 mV; not significant, P = 0.086; Be, fAHP peak, last 300 ms; control: -67.6 ± 1.8 mV; +10 nM GTx: -66.2 ± 1.8 mV; * * * P < 0.001; Bf, control: -67.6 ± 1.8 mV; +30 nM GTx: -64.5 ± 1.6 mV; * * * P < 0.001; Cb, ADP peak after 1st spike; control: -64.3 ± 2.4 mV; +10 nM GTx: -63.4 ± 2.6 mV; * P = 0.016; Cd, ADP peak, last 300 ms; control: -67.4 ± 1.8 mV; +10 nM GTx: -66.1 ± 1.8 mV; * * * P < 0.001; Ce, control: -67.4 ± 1.8 mV; +30 nM GTx: -63.8 ± 1.5 mV; * * * P < 0.001; Db, mAHP peak after 1st spike; control: -66.4 ± 2.3 mV; +10 nM GTx: -66.4 ± 1.7 mV; not significant, P = 0.997; Dd, mAHP peak, last 300 ms; control: -71.8 ± 1.6 mV; +10 nM GTx: -70.8 ± 1.5 mV; * * P = 0.007; De, control: -71.8 ± 1.6 mV; +30 nM GTx: -69.4 ± 1.1 mV; * * * P < 0.001, One-way repeated measures ANOVAs. Data are the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com] (Fig. 6Ca and b) . After wash-in of 30 nM GTx, a spike was triggered (Fig. 6Ab , red trace), coinciding with the ADP peak in control conditions (Fig. 6Ab, black trace) , which indicates that blockade of Kv2 channels increases the ADP amplitude and thus enhances the probability of ADP-triggered extra spikes and bursting in SCs. Similarly, 10 and 30 nM GTx significantly increased the ADP peak during steady-state firing during the last 300 ms of each spike train (P < 0.001) (Fig. 6Cc-e) but did not induce bursting during the late repetitive firing (Fig. 6Ac-d, red trace) , in contrast to the beginning of the train (Fig. 6Ab, red trace) .
Unlike the ADP, the mAHP following the first spike was not significantly affected by wash-in of 10 nM GTx (P = 0.997) (Fig. 6Da and b) . However, after application of 30 nM GTx, no mAHP could be measured after the first spike because a second spike appeared immediately afterwards during the ADP (Fig. 6Ab, red trace) .
By contrast, the mAHP peak during steady-state firing in the last 300 ms of the train was significantly more depolarized during application of 10 and 30 nM GTx compared to control (P = 0.007 and P < 0.001) (Fig. 6Dc-e) , as seen in the representative traces ( Fig. 6Ac  and d) .
In conclusion, blockade of Kv2 channels by GTx significantly depolarized the ADP peak following the first spike, at the same time as depolarizing fAHP, ADP and mAHP during steady-state firing in the last 300 ms of the train. This may be explained by the cumulative activation of Kv2 channels combined with inactivation of other K + channels (e.g. BK channels, Kv4 and Kv1) (Gu et al. 2007 ). Thus, the observed effects of Kv2 blockade may not only depend on Kv2 channels directly, but also on other voltageand calcium-dependent membrane conductances.
Kv2 channels regulate the ADP following a single spike
Our previous results suggested that Kv2 channels regulate the ADP but not the fAHP and mAHP after the first spike evoked by 1 s long current pulses (Fig. 6) . However, these experiments were only measured at relatively low concentrations of GTx (10 nM) because 30 nM often induced bursting (Fig. 6Ab ) during a 1 s long pulse.
We next investigated the effects of 100 nM GTx by applying a brief 10 ms long current pulse to evoke just a single spike in normal medium (Fig. 7A , black trace) and after application of GTx (Fig. 7A, red trace) . We found that 100 nM GTx significantly increased the ADP amplitude from 10.4 ± 2.6 mV (control) to 14.5 ± 3.1 mV (P < 0.001) (Fig. 7B ) and increased the ADP area from 95.5 ± 39.3 mVms to 179.2 ± 61.9 mVms (P < 0.001) (Fig. 7C) following a single spike. Application of of 100 nM GTx also significantly depolarized the fAHP peak: control: -52.2 ± 2.4 mV; +GTx: -50.6 ± 2.9 mV (P = 0.004).
By contrast, 100 nM GTx had no significant effects on the mAHP amplitude following a single spike: control: 3.2 ± 0.5; GTx: 3.2 ± 0.6, not significant (P = 0.73) (Fig. 7D) . Furthermore, 100 nM GTx had no significant effects on the spike threshold: control: -59.6 ± 1.9 mV; +GTx: -59.3 ± 2.3 mV (P = 0.76) or rheobase, control: 401.4 ± 47.6 pA; +GTx: 404.1 ± 58.5 pA (P = 0.92). This is expected for blockade of Kv2 channels, which activate at more depolarized levels than the spike threshold (Fig. 3) .
Kv2 channels contribute to spike repolarization
As shown in Fig. 4D , GTx reduced repetitive firing and strongly affected the shape of late spikes during strong current pulses. To test how GTx affects spike repolarization during repetitive firing, we compared spike widths measured at half-spike height in control and after wash-in of 100 nM GTx (Fig. 8Aa-h ) during a 1 s long current pulse. For better comparison, we adjusted the current pulses to evoke 50 spikes s -1 both in control medium and after wash-in of the drug.
In normal medium, the spikes showed progressive broadening after the first spike as indicated by the superimposed traces in Fig. 8Ab (1st, 5th and 50th spike). Wash-in of 100 nM GTx caused additional spike broadening (Fig. 8Ac ) and the spike widths increased more strongly after the first spike compared to control (Fig. 8Ad-g ).
Our summarized data show that 100 nM GTx strongly slowed spike repolarization and increased the widths of the late spikes during repetitive firing, as indicated by the 95% confidence limits (Fig. 8Ah) , although it only slightly increased the width of the first spike in the train.
We also tested whether a lower dose of GTx (30 nM), which is probably less effective but even more specific for Kv2, had similar effects on spike repolarization during repetitive firing (Fig. 8Ba-h ). Again, we found that wash-in of 30 nM GTx significantly increased the duration of the second spike and later spikes in the train (Fig. 8Be-h ) but had no significant effect on the first spike ( Fig. 8Bd and  h ).
In conclusion, blockade of Kv2 channels by 100 nM GTx or 30 nM GTx had minor or no effects on spike width of the 1st spike in a spike train (Pathak et al. 2016 ) but strongly increased spike width during subsequent spike firing.
In all cases, the GTx-induced spike broadening suggested loss of repolarizing K + current. Further, spike amplitude was reduced after application of GTx for all spikes except the 1st one in each spike train. The latter effect may reflect cumulative inactivation or incomplete recovery from inactivation of voltage-gated Na + channels (Gu et al. 2007; Johnston et al. 2008; Guan et al. 2013; Liu & Bean, 2014) because of the more depolarized interspike trajectories after Kv2 channel blockade (Figs 4-6 ).
Kv2 blockade reduces spike clustering and rebound depolarization
A relevant feature of the firing pattern of mEC is their ability to fire clusters of spikes in response to just suprathreshold current injections (Alonso & Klink, 1993; Nolan et al. 2007 ). The instantaneous frequency within clusters depends both on the amount of injected current and neuronal membrane properties, in particular the kinetics of the mAHP, which is largely controlled by I h (Nolan et al. 2007) . To study the effects of GTx on spike clustering, we injected 20 s long depolarizing current steps to induce trains of spikes at frequencies of 3-6 Hz in normal medium and after application of 100 nM GTx (Fig. 9A ) and compared the traces with similar frequencies in both conditions. All cells tested showed clustering (n = 8) in control condition within the range of frequencies that we explored. Clustering was seen in the ISI distribution as a prominent peak at ß180 ms (Fig. 9C) . Application of GTx induced bursting in seven of the eight cells tested, as shown by the peak below 10 ms in the ISI plot of Fig. 9D . Moreover, blockade of Kv2 channels by GTx reduced the number of clusters from 58.4 ± 10.9 to 28.6 ± 12.9 (P = 0.002) (Fig. 9E) .
The reduction of clusters after GTx application was accompanied by a longer duration of ISIs around typical cluster values (200 ms) (Fig. 9D) . Indeed, the ISI distribution in control showed a first peak (cluster) at 153.4 ± 7.7 ms but, after GTx application, the corresponding peak was at 264.6 ± 40.4 ms (n = 8; P = 0.024). We found that this increased ISIs duration of clusters in GTx was not associated with an altered kinetics of the mAHP: half-width control: 107.9 ± 6.1 ms; half-width GTx: 120.2 ± 11.4 ms (P = 0.17) (Fig. 10A  and B) , although it was probably the result of a reduced excitability following the bursts. Indeed, the rebound potential that underlies clustering in mEC SCs was reduced after blockade of Kv2 channels and was probably the result of an increased recruitment of the Ca 2+ -activated potassium conductance responsible for the sAHP: control: -4.4 ± 0.3 mV; GTx: -5.7 ± 0.4 mV; n = 7 (P < 0.001) (Fig. 10A and C) .
As expected from the voltage dependence of Kv2 activation, we did not find any difference in the subthreshold fluctuations ('oscillations') measured at similar voltages in control (4.7 ± 0.4 Hz) and GTx (4.0 ± 0.3 Hz) (n = 8; P = 0.4).
Discussion
Main findings
In the present study, we used the Kv2 channel blocker GTx to investigate the physiological roles of Kv2 channels in mEC layer II SCs in rat brain slices. Voltage clamp recordings from nucleated patches showed that 100 nM GTx inhibited a delayed rectifier current (I K ) which started to activate between -30 mV and -20 mV (Fig. 3) , which is typical of Kv2 channels (Guan et al. 2007; Johnston et al. 2008; Liu & Bean, 2014) . By contrast, GTx had . Kv2 channels contribute to spike repolarization Aa, in control conditions a 1 s long current pulse evoked ß50 spikes s -1 (black trace). After application of 100 nM GTx (red trace), the current pulse was reduced to evoke the same number of spikes relative to control. Ab-f, Overlay of the 1st, 5th and 50th spike in control and after application of 100 nM GTx. Ag, spike widths at half-height (ms) in control (black) and after application of 100 nM GTx (red) plotted against spike number during the 1 s long current pulse. Ah, difference ( ) in spike widths at half-height (ms) for the 1st, 5th and 50th spike before and after wash-in of 100 nM GTx. Error bars indicate 95% confidence limits for differences in spike widths: 1st spike (0.013 < ms < 0.062); 2nd spike (0.091 < ms < 0.155); 3rd spike (0.265 < ms < 0.390); 4th spike (0.481 < ms < 0.685); 5th spike (0.599 < ms < 0.866); and 50th spike (0.289 < ms < 0.525) (n = 9 cells, n = 6 rats). Ba, in a different set of experiments a 1 s long current pulse was again adjusted to evoke 50 spikes s -1 in control and after wash-in of 30 nM GTx. Bb-f, overlay of the 1st, 5th and 50th spike in control and after wash-in of 30 nM GTx. Bg, spike widths at half-height (ms) in control (black) and after wash-in of 30 nM GTx (red) plotted against spike number during the 1 s long current pulse. Bh, difference ( ) in spike widths at half-height (ms) for the 1st, 5th and 50th spike before and after wash-in of 30 nM GTx. Error bars indicate 95% confidence limits for differences in spike widths: 1st spike (-0.013 < ms < 0.026); 2nd spike (0.004 < ms < 0.083); 3rd spike (0.085 < ms < 0.237); 4th spike (0.217 < ms < 0.390); 5th spike (0.223 < ms < 0.384); and 50th spike (0.196 < ms < 0.410) (n = 7 cells, n = 5 rats). Data are the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.3 essentially no effect on the transient A-type current (Fig. 2) . Previous results from other neuron types, showed only minimal, weak effects of GTx on the A-type current (Liu & Bean, 2014; Pathak et al. 2016) , indicating that GTx acts as a potent and apparently selective blocker of Kv2 channels under our experimental conditions. This is also supported by thorough testing of GTx in expression systems showing that this toxin had no significant effect on other channel types, including Kv1.2, Kv1.3, Kv1.5, Kv3.2 and BK potassium channels, as well as Cav1.2, Cav2.2, Nav1.5, Nav1.7 and Nav1.8 (Herrington et al. 2006) .
When starting from a moderate spike rate (ß10 spikes s -1 ), we found that 100 nM GTx strongly enhanced burst firing and increased the overall spike rate (Fig. 4A-C) . By contrast, GTx reduced the maintained firing when starting from higher spike rates (ß70 spikes s -1 ) (Fig. 4D-F) , as was also found in other cell types (Du et al. 2000; Johnston et al. 2008; Guan et al. 2013; Liu & Bean, 2014) .
We tested whether the increase in bursting and excitability was related to changes in the after-potentials that follow each spike: the fAHP, ADP and mAHP (Fig. 5  and 6 ).
Indeed, blockade of Kv2 channels by 30 nM GTx, increased the average spike rate when starting from moderate spike rates (Fig. 5Aa-c) and simultaneously increased the ADP amplitude following both the first and later spikes (Fig. 6Ca-e) . In parallel, the fAHP and mAHP amplitudes during steady-state repetitive spike firing were reduced by GTx (Fig. 6Bd-f and 6Dc-e) . These effects suggest that Kv2 channels play a role in controlling the AHPs during steady-state repetitive firing through cumulative activation of the slowly activating and slowly inactivating Kv2 current during repetitive firing. Moreover, inactivation of other K + channels (i.e. BK channels, Kv1 and Kv4) might result in an increased contribution of Kv2 channels to AHPs during steady-state repetitive firing, as suggested by earlier studies (Gu et al. 2007; Johnston et al. 2008; Liu & Bean, 2014) . Similarly, a previous study in dissociated CA1 pyramidal neurons and sympathetic neurons suggested that blockade of Kv2 channels by GTx reduces AHPs during repetitive firing (Liu & Bean, 2014) .
When a single spike was evoked by a brief, depolarizing pulse, however, GTx (100 nM) did not significantly change the mAHP amplitude, measured at a more negative potential (< -74 mV), although the ADP was clearly enhanced (Fig. 7) . This apparent discrepancy probably reflects dual, voltage-dependent mAHP mechanisms, similar to those previously found in CA1 pyramidal cells (Storm, 1989; Gu et al. 2005) : the mAHP recorded below, or close to the resting membrane potential (-75 ± 2.4 mV), is probably mainly a result of the H-current (hyperpolarization-activated cation channels), which is transiently deactivated by the preceding depolarization (depolarizing pulse, spike and ADP), and is therefore scarcely affected by GTx (Fig. 7) . By contrast, the mAHP amplitude recorded at more depolarized potentials (e.g. during a long depolarizing pulse) is more probably a result of other currents: (i) Kv2 current (Fig. 6D) ; (ii) Kv7/M-current (Storm, 1989; Nigro et al. 2014) ; and/or (iii) Ca 2+ -dependent K + current (Khawaja et al. 2007) . A previous study showed that the H-current also promotes repolarization of the mAHP in SCs, thereby controlling spike firing during long depolarizing current pulses (Nolan et al. 2007) .
GTx caused a clear broadening of the late spikes during a spike train, although the toxin had almost no effect on the first spike (Fig. 8) (Pathak et al. 2016) . This strongly suggests that Kv2 channels contribute directly and considerably to the repolarization of late spikes. Part of the effect is probably also indirect, via depolarized interspike trajectories after Kv2 channel blockade of the mAHP, causing incomplete recovery from inactivation of voltage-gated Na + channels (Johnston et al. 2008; Guan et al. 2013; Liu & Bean, 2014) , thus reducing the spike amplitude (Fig. 4) , which in turn may reduce activation of other repolarizing K + channels, in addition to the Kv2 channels that were directly blocked. Indeed, it is conceivable (but not probable) that all the slowing of the spike repolarization may be entirely the result of such indirect effects. Modelling is needed to quantitatively test these ideas.
Blockade of Kv2 channels and its effects on spike repolarization, interspike trajectories and Na + channel availability was probably also the main cause of the observed reduction in maintained firing during higher spike rates (Fig. 4) , as previously suggested in other cell types (Du et al. 2000; Gu et al. 2007; Johnston et al. 2008; Guan et al. 2013; Liu & Bean, 2014) .
Significance of spike after-potentials
In the hippocampus, ADPs and AHPs play an important role in shaping spike firing patterns (Storm, 1987; Azouz et al. 1996; Yue & Yaari, 2004; Gu et al. 2005 ) and regulate -7 -8 GTx Figure 10 . Kv2 blockade reduces the excitability following a burst A, representative recording of a single spike in control (black) and a burst in GTx (red) from the traces in Fig. 9A-B . B, summary plot of the mAHP half-width in control and GTx showing that Kv2 blockade has no effect on mAHP duration. C, summary plot of the rebound potential measured from the action potential threshold in control and GTx. bursting, which is a characteristic mode of spike firing in vivo (Kandel & Spencer, 1961; Ranck, 1975) . Furthermore, postsynaptic bursting paired with presynaptic activity is often required for induction of long-term potentiation (Magee & Johnston, 1997; Thomas et al. 1998) , which is considered to be a major cellular mechanism for learning and memory (Lisman, 1997) . Moreover, attractor network models implemented with realistic after-spike dynamics have been shown to express phase precession, indicating that conductances controlling the amplitude and duration of the mAHP might play an important role in grid field formation (Navratilova et al. 2012 ). In the model proposed by Navratilova et al. (2012) , the mAHP resets the network activity and the subsequent rebound potential allows a new activity bump of neurons active at a particular time ago (corresponding to the mAHP duration). Given that blockade of Kv2 channels decreases the intracluster frequency by reducing the rebound potential, we hypothesize that this effect would cause an increased size of the grid field in vivo, as shown in previous modelling and experimental work (Navratilova et al. 2012; Giocomo et al. 2011) . The reduced rebound potential and excitability after Kv2 blockade could slow down phase precession, thus disrupting the optimal time window for long-term potentiation and leading to impairment in spatial memory (Skaggs et al. 1996) . Interestingly, in vivo juxtacellular recordings of mEC SCs showed that these cells do not normally produce bursts when the animal passes through the corresponding grid fields (Ebbesen et al. 2016) . Our findings suggest that the cell-specific absence of bursting might depend on the expression of Kv2 channels in SCs.
Previous work showed that different potassium currents regulate spike after-potentials and bursting in hippocampal pyramidal cells, including Kv7/M-type K + current (Storm, 1989; Yue & Yaari, 2004; Gu et al. 2005) , calcium-activated K + current (Storm, 1987; Storm, 1989 ), A-type K + current (Magee & Carruth, 1999) and D-type K + current (Metz et al. 2007 ).However, less is known about the role of K + currents in mEC. One study reported that blockade of Kv7/M-channels with linopirdine had only weak or no effects on ADP and intrinsic firing patterns in LII SCs but strongly increased ADP and bursting in LII/III non-SCs (Yoshida & Alonso, 2007) . A recent study showed that blockade of Kv7/M-channels with XE991 increased the excitability of SCs (Nigro et al. 2014) but did not induce bursting as seen in other cell types (Yue & Yaari, 2004; Gu et al. 2005; Yoshida & Alonso, 2007) . Kv2 channels are located mainly in the perisomatic compartments of cortical pyramidal cells (Murakoshi & Trimmer, 1999; Guan et al. 2007 ), where their control over cellular excitability is maximal. Our nucleated patch data show that also in mEC SCs Kv2 channels are located in the soma where these channels can exert a powerful control over ADPs, which can potentially be generated by a subthreshold sodium current or by dendritic T-type Ca 2+ -channels (Alessi et al. 2016 ).
Our present results, combined with those of Nigro et al. 2014 , indicate that Kv2 channels are far more important than Kv7/M-channels for regulation of ADPs and bursting in LII SCs. This division of labour between Kv2 and Kv7 probably has a strong impact on how acetylcholine, which blocks Kv7/M-channels, and several other neuromodulators involved in arousal and memory, affect the response patterns in SCs vs. other cell types in mEC.
Modulation of Kv2 channel activity and role in disease
Previous work showed that the subcellular localization and biophysical properties of Kv2 channels are modulated by activation of glutamate receptors and an increase in intracellular Ca 2+ levels (Misonou et al. 2004; Mohapatra et al. 2009 ) and cholinergic receptors (Mohapatra & Trimmer, 2006) , nitric-oxide associated pathways (Steinert et al. 2011) , small ubiquitin like-proteins (Plant et al. 2011) and cyclin E1 during ischaemia . In CA1 pyramidal neurons, modulation of the Kv2 channels by glutamate receptors tends to enhance the impact of the Kv2-mediated current (I K ) by inducing a hyperpolarizing shift in its activation range (Misonou et al. 2004) , thus causing a decrease in spike firing (Mohapatra et al. 2009 ). This has been associated with homeostatic regulation of neuronal excitability during epileptic seizures and ischaemia (Misonou et al. 2005; Misonou, 2010) .
Our present data suggest that Kv2 channels serve to control excitability and bursting in SCs at physiological spike rates (Figs 4A-C and 5). Thus, an increase in Kv2 activity by neuromodulation may further modulate excitability, and therefore also control excitotoxic injury during pathological conditions. By contrast, Kv2 channels can also promote neuronal apoptosis by cellular K + efflux (Pal et al. 2003) , as observed after stroke and in Alzheimer's disease (Cotella et al. 2012; . Interestingly, neuropathological changes found in Alzheimer's disease start in the entorhinal cortex (Braak & Braak, 1991) , although the possible roles of Kv2 channels remain to be determined. However, a recent study reported that afterspike dynamics and clustering are affected in the dorsal mEC in a mouse model of tauopathy (Booth et al. 2016) .
In conclusion, we used GTx to characterize the properties and functions of the delayed rectifier current generated by Kv2 channels in mEC LII SCs. We found indications that these channels have multiple functions, including thhe control of spike waveform, spike after-potentials, excitability, bursting and repetitive firing. GTx appears to be a useful tool for studying the functional roles of Kv2 channels, and may serve to further clarify their functional roles in the mEC and other parts of the cortex, as well as the possible involvement of this channel type in the representation of space, memory, dementia and epilepsy. Our results will hopefully also contribute to a more accurate computational modelling and understanding of grid cell mechanisms.
